INTRODUCTION
Although natural killer (NK) cells are generally thought to represent the cytolytic arm of the innate immune system, recent findings in mice and humans have demonstrated that these innate lymphocytes can have features of adaptive immunity, including clonal expansion and generation of memory (1) (2) (3) (4) . In certain strains of mice, NK cells bearing the Ly49H receptor recognize the viral glycoprotein m157 expressed by mouse cytomegalovirus (MCMV)-infected cells and undergo prolific expansion (100-to 1000-fold), resulting in a longlived pool of self-renewing memory NK cells able to be recalled (5) . Proinflammatory cytokines (6) (7) (8) (9) and downstream transcription factors (7, 9, 10) can promote these adaptive NK cell responses via distinct mechanisms (2) ; however, how transcriptional and epigenetic regulation of NK cell expansion and memory are initiated and maintained are not fully understood.
Interleukin-12 (IL-12) binding to its heterodimeric receptor on NK cells results in a signaling cascade leading to Janus kinase-mediated phosphorylation and homodimerization of signal transducer and activator of transcription 4 (STAT4) (11) , which translocates into the nucleus, where it binds to target sequences in IL-12-responsive loci and activates transcription of effector cytokine genes such as Ifng (12) . In addition, IL-12 and STAT4 induction of the transcription factor Zbtb32 was found to promote the expansion of Ly49H + NK cells after MCMV infection, involving a mechanism where the antiproliferative factor BLIMP-1 is repressed (10) . Additional genes targeted by STAT4 in activated NK cells during virus infection remain unknown.
Here, we used STAT4 and H3K4me3 chromatin immunoprecipitation sequencing (ChIP-seq) to analyze the transcriptional and global epigenetic mechanisms that regulate IL-12-mediated pathways during NK cell activation. Using this approach, we found that Runx family transcription factors were among the genes highly associated with STAT4 binding in activated NK cells. Runx transcription factors are a family of evolutionarily conserved proteins that are crucial for hematopoiesis, neurogenesis, and osteogenesis (13) . The Runt domain possessed by all three Runx transcription factors (Runx1, Runx2, and Runx3) mediates heterodimerization with the non-DNA binding core-binding factor  subunit (CBF-) to regulate gene transcription. Dimerization with CBF- enhances the DNA binding affinity of Runx proteins and results in activation and repression of a wide variety of target genes by interacting with other transcription factors, histone deacetylases, or histone acetyltransferases (14) (15) (16) . Runx1 and Runx3 play an important role in T cell development, lineage specification, differentiation, and function (14, (17) (18) (19) (20) (21) (22) . During MCMV infection, Runx1 and Runx3 were both up-regulated in NK cells as a consequence of epigenetic modifications. Thus, we engineered mice containing specific deletions of Runx1, Runx3, or Cbfb in NK cells to investigate the influence of this family of transcription factors on NK cell activation, expansion, and response against MCMV infection.
RESULTS

STAT4 targets promoter and intronic regions of Runx1 and
Runx3 in activated NK cells STAT4, a signal transducer and activator of transcription downstream of the IL-12 receptor, has previously been demonstrated to be critical in the generation of memory NK cells during MCMV infection (9) . To investigate the global occupancy of STAT4 across the genome, we stimulated primary mouse NK cells with proinflammatory cytokines (IL-12 plus IL-18) and performed STAT4 ChIP-seq. A total of 1196 reproducible peaks were identified within promoter, intronic, exonic, and intergenic regions (using cytokine-stimulated STAT4-deficient NK cells as a negative control for nonspecific antibody binding). This analysis revealed a majority of STAT4 occupancy within introns (35%) and intergenic regions (40%; Fig. 1A ), the latter of which suggests that STAT4 binding can potentially function as a distal enhancer (23) . STAT4 also localized to promoters (20%), defined as 2000 base pairs (bp) upstream to 500 bp downstream from transcriptional start sites (TSS), and a minority of binding occurred within exons (5%; Fig. 1A ).
To determine which STAT4-bound genes were dependent on STAT4 for their expression, we performed RNA sequencing (RNA-seq) of Ly49H + NK cells from mixed WT:Stat4 −/− bone marrow chimeric (BMC) mice 2 days after MCMV infection. Among all differentially expressed genes, 344 harbored STAT4-bound regions either within or near the gene locus (Fig. 1B) . We then ranked these genes on the basis of the strength of STAT4 binding, as measured by the fold enrichment over input. As a strong validation of our STAT4 ChIP-seq approach, Ifng was among the top hits of all STAT4-bound genes ( fig. S1A) , and a previously identified STAT4 target locus, the promoter of Zbtb32 (10), was a top hit among transcription factors (Fig. 1C) . We found that the promoter and intronic regions of Runx transcription factors were also highly enriched for STAT4 binding (Fig. 1C) . Individual analyses of the genomic region of all Runx family members and CBF- in stimulated NK cells indicated substantial STAT4 binding of Runx1 and Runx3 gene loci at promoter and intergenic regions, respectively (Fig. 1D) . In contrast, STAT4 binding at the Runx2 and Cbfb loci was minimal or not readily detected in activated NK cells (Fig. 1D) . Together, these results suggest that cytokine stimulation of NK cells induces rapid and distinct STAT4 binding at gene loci encoding Runx1 and Runx3.
STAT4 binding increases trimethylation of histone H3 lysine 4 (H3K4me3) at Runx gene promoters during NK cell activation
To investigate the epigenetic regulation of Runx family members and CBF- during NK cell activation, we performed ChIP-seq on stimulated NK cells using an antibody against H3K4me3, a histone modification widely used to identify active gene promoters that, in certain settings, can predict the transcription of more than 80% of the genes carrying this modification (24) . In cytokine-stimulated NK cells, the majority of the H3K4me3 modifications were detected at sites localized to promoters (83%), whereas 7 and 10% of the permissive marks were found within intragenic (4% introns and 3% exons) and distal intergenic regions, respectively ( Fig. 2A) . We observed global increases in promoter regions ( Fig. 2C) (Fig. 2E) , indicating a cytokine-induced permissiveness of transcription specifically at these genes but not all transcription factor genes ( fig. S1C ). In STAT4-deficient NK cells stimulated with proinflammatory cytokines, we found that the increase observed in H3K4me3 at Runx loci was largely ablated (Fig. 2E) . STAT4 binding at the Runx1 promoter overlapped well with STAT4-dependent H3K4me3 activity (Fig. 2F) . We observed that, whereas STAT4 deficiency leads to decreased activity at the Runx1 promoter, STAT4 binds to Runx3 at a distal region 40.8 kb upstream from the promoter site (Fig. 2F ), suggesting that STAT4 may bind to an active enhancer region for Runx3 but not for Runx1.
MCMV infection up-regulates
Runx1 and Runx3 expression in virus-specific NK cells Next, we investigated whether STAT4 binding and increased H3K4me3 at Runx loci coincided with greater transcription of these genes in activated NK cells after MCMV infection. We compared mRNA expression of known T, B, NK, and NK T cell-regulating transcription factors in sorted Ly49H + NK cells from infected and uninfected mice by microarray (Fig. 3A) . The most highly up-regulated transcription factor in NK cells on day 2 after MCMV infection was Zbtb32 [as reported previously (10)], followed by Runx3, Notch1, and Runx1 (Fig. 3A) . Consistent with the microarray data, Runx1 and Runx3 mRNAs were increased by RNA-seq of NK cells at day 2 post-infection (PI) compared with uninfected controls, whereas no significant change in Cbfb and Runx2 transcript levels was observed (Fig. 3B) . Furthermore, ex vivo stimulation with proinflammatory cytokines IL-12 plus IL-18 upregulated Runx1 and Runx3 in NK cells (Fig. 3B) , albeit not to the extent of virus infection, suggesting that additional signals are required for optimal expression of Runx transcription factors during MCMV exposure. MCMV infection in mixed WT:Stat4 −/− chimeric mice provided evidence that up-regulation of Runx1 and Runx3 in NK cells is mostly dependent on STAT4 (Fig. 3C ) and less on antigen receptor Ly49H signaling (Fig. 3D) . Bcl6 was among the genes that showed down-regulation (Fig. 3A) despite being the top transcription factor locus bound by STAT4 (Fig. 1C) mice were found to be highly susceptible to MCMV infection, with significantly increased viral titers and reduced overall survival compared with littermate controls (Fig. 4C ). These data demonstrate that CBF- and likely individual Runx transcription factors are required for NK cell development and protection against viral infection.
Cbfb is essential for antiviral NK cell expansion and survival
Because of the developmental defect, to investigate whether CBF- is required specifically in mature NK cells during the antiviral response, we engineered mice in which the floxed Cbfb allele (Cbfb
fl/fl
) is crossed to a tamoxifen-inducible Cre cassette driven by the Ubiquitin promoter (Ubc 2) chimeras treated with either oil (as a control) or tamoxifen for 5 days into Ly49H-deficient mice (Fig. 5A) . One day later, the recipients were infected with MCMV, and the ability of transferred Ly49H + NK cells to undergo expansion and to generate longlived memory cells was evaluated (Fig. 5A) .
ERT2-Cre
In this experiment, WT Ly49H + NK cells rapidly expanded and reached peak percentages in tamoxifen-treated mice by day 14 PI, whereas expansion of Cbfb-deficient Ly49H + NK cells was significantly reduced (Fig. 5B) . This difference between the groups was not observed in control mice with adoptively transferred NK cell from WT:Cbfb fl/fl × Ubc ERT2-Cre chimeras treated with oil alone (Fig. 5B ). Furthermore, a significant reduction in the percentage of Cbfb-deleted NK cells was detected in the spleen, lung, and liver 28 days after MCMV infection (Fig. 5C ), revealing a crucial requirement for CBF- in the generation of NK cell memory. Despite the defect in cell numbers, the maturation and activation of Cbfb-deleted NK cells were similar to WT controls during MCMV infection, as evidenced by the downregulation of CD27 and up-regulation of CD11b (Fig. 5D ). These (Fig. 6A) . To determine whether a defect in trafficking of Runx1-deficient NK cells was responsible for the decreased numbers in peripheral blood, we harvested the spleen and liver of infected mice. Substantially higher numbers of WT NK cells were observed in the spleen and liver at 32 days PI (Fig. 6B) , indicating a crucial requirement of Runx1 for NK cell expansion and memory formation in both lymphoid and nonlymphoid tissues. Runx1-deficient NK cells were also able to undergo maturation and activation similarly to WT NK cells during MCMV infection, as evidenced by the downregulation of CD27 and up-regulation of CD11b and killer cell lectinlike receptor subfamily G member 1 (KLRG1; Fig. 6C ). Furthermore, the few remaining memory NK cells in the Runx1-deficient population retained the ability to produce interferon- (IFN-) and degranulate after proinflammatory cytokine stimulation ex vivo (Fig. 6D) (Fig. 6E ) and were almost completely absent in the spleen and liver 32 days PI (Fig. 6F) . As with the Runx1 deficiency, Runx3-deficient NK cells showed no defects in maturation and activation (Fig. 6G ) and retained functional competence in memory populations (Fig. 6H) . Together, these findings demonstrate a crucial and nonredundant requirement of Runx1 and Runx3 for the robust clonal expansion of NK cells during MCMV infection.
D B
Runx3
C bfb Runx2 Runx1 iCre NK cells isolated on day 3 PI, and our analysis revealed a subset of genes that were differentially up-or down-regulated (Fig. 7A) . Although only a handful of genes were differentially expressed (P adj < 0.05; Fig. 7A ), gene set analysis on moderated fold changes of all genes revealed a significant down-regulation of gene programs associated with cell cycle processes and cellular division in the Runx1-deficient NK cells compared with WT NK cells (Fig. 7, B and C) . Consistent with this transcriptome analysis, CellTrace Violet (CTV) labeling of NK cells before adoptive cotransfer revealed that Runx1-deficient NK cells demonstrated decreased rates of cell division compared with their WT counterparts during MCMV infection (Fig. 7D) . Together, these findings uncover a critical role for Runx1 in regulating a transcriptional program that controls cell cycle and proliferation during the adaptive NK cell response against virus infection.
DISCUSSION
Here, we have found a role for the transcription factors Runx1 and Runx3 in driving the adaptive NK cell response during MCMV infection. Through STAT4 ChIP-seq analysis, we identified these two members of the Runx family among the top 20 transcription factor genes that show enrichment in STAT4 occupancy after stimulation of NK cells. Consistent with the known mechanism of STATs (26), our data demonstrate that proinflammatory cytokines (such as IL-12) that induce STAT4 phosphorylation and nuclear translocation in NK cells will initiate STAT4 binding to regulatory gene regions and subsequently induce gene expression, perhaps by modifying chromatin accessibility at specific gene loci.
Before the current study, relatively little was known about STAT4-dependent gene regulation within NK cells. In T cells, STAT4 ChIP has revealed many genes bound and regulated by STAT4, including Ifng, Il12rb2, and Il2ra (27, 28) . Consistent with a broad role for STAT4 in the initiation of type 1 immune responses, IL-12, together with IFN- and IFN-, induces IFN- production in antiviral T cells via STAT4 (29) . We previously demonstrated a similar mechanism of STAT4 regulation in NK cells, where Il12rb2 −/− NK cells do not efficiently phosphorylate STAT4 and produce less IFN- than WT NK cells during viral infection (9) . Furthermore, cotransfer of WT and Stat4 −/− Ly49H + NK cells into Ly49H-deficient hosts followed by MCMV infection revealed a crucial role of STAT4 for NK cell expansion and generation of long-lived memory NK cells (9) . The expansion defect of IL-12 receptor-and STAT4-deficient NK cells closely resembles the phenotype observed in Runx1-and Runx3-deficient NK cells. In addition to the Runx transcription factors, our analysis revealed a wide variety of transcription factor genes, whose expression appears to be dependent on the presence of STAT4. Future studies will endeavor to determine whether additional factors synergize with Runx1 and Runx3 in driving NK cell expansion.
STAT transcription factor-induced expression of a particular gene is dependent on the status of chromatin structure, which is altered by adenosine triphosphate-induced nucleosome remodeling, histone incorporation, posttranslational histone modification, and DNA methylation (30) . Little is known about the interaction of STATs and histone epigenetic marks in orchestrating gene expression in NK cells. During T cell differentiation, STAT transcription factors can induce epigenetic modifications of Ifng, Il4, Il3, and Il5 genes (30) (31) (32) (33) . More recently, it was reported that, in helper T cell differentiation, STATs can play a dominant role in promoting epigenetic changes associated with transcriptional activation (34) . Our data support such an epigenetic mechanism and provide further evidence that STAT4 binding at gene loci induces a permissive epigenetic landscape (i.e., increase in H3K4me3) essential for increased gene expression, observed in activated NK cells after proinflammatory cytokine exposure or MCMV infection. Our study does not preclude the possibility that the H3K4me3 can reciprocally mediate recruitment of STAT4, and further studies using complementary techniques such as assay for transposase-accessible chromatin sequencing will lead to a more intricate view of the hierarchy and kinetics of chromatin accessibility events. However, on the basis of our current findings, we propose a model whereby STAT4 is a major regulator of H3K4me3 at Runx family gene loci and consequently controls expression of individual Runx genes during NK cell activation. The role of CBF- and Runx transcription factors has largely been studied in the context of T cell development and lineage specification (14) . Previous reports have described how Runx1 is predominantly expressed in NK T and CD4 + T cells, whereas Runx3 is expressed in NK cells and CD8 + T cells. Runx3 knockout mice are viable but show severe defects in neurogenesis and thymopoiesis (35) . CD4-targeted depletion of Runx3 results in derepression of Cd4 and decreased single-positive thymic CD8 + T cell numbers (17) . Although previous groups reported that defects in Runx3 resulted in impaired NK cell development (36, 37) , we only observed a minor decrease in NK cell numbers using Runx3 fl/fl × NKp46 iCre mice. In addition, Runx3 has been reported to regulate transcriptional programs in NK cells by initiating the expression of the human NK cell-specific killer cell immunoglobulin-like receptors and NKp46 (38, 39) . Our findings in the Runx3 fl/fl × NKp46 iCre mice are also not consistent with this study because we find no defects in Ly49 repertoire or NKp46 expression. The discrepancies between our observations and existing data may be due to the nature of the models (genetic ablation versus over expression of mutants) or the timing of Runx3 ablation in lymphocytes (at the immature NK cell stage versus germline mutations affecting T and NK cells). More recently, Runx3 has been shown to promote IL-15 signaling in NK cells by cooperating with E26 transformation-specific (ETS) and T-box transcription factors (36) , and ChIP-seq analysis demonstrated specific gene regulation by Runx3 in IL-2-activated cytotoxic cells (40) , together suggesting a general role for Runx3 in the response of lymphocytes to common -chain family cytokines. Because IL-15 is required for the homeostasis and survival of NK cells, these data are consistent with our observations that NK cell-specific ablation of Runx3 resulted in moderately decreased peripheral NK cell numbers. Last, Runx3 was recently found to affect the development and function of group 3 innate lymphoid cells (ILC3), where it specifically promoted retinoic acid receptor-related orphan receptor γ t (RORγt) expression in a lineagespecific manner to drive ILC3 development (25) .
Beyond NK cell development, little was previously known about the requirement of Runx family members and CBF- during activation and antiviral effector responses of mature NK cells. The expression of Runx and CBF- transcription factors at all maturation stages during the life span of NK cells suggested a crucial and continuous role of these proteins for NK cell activation and function (41) . Consistent with our observation of a loss in NK cell numbers during NK cell-specific or tamoxifen-inducible deletion of Cbfb, germline CBF- deficiency (which abrogates the function of all Runx proteins) results in embryonic lethality (42) . Similarly, Runx1-deficient mice showed a loss in hematopoietic stem cells resulting in embryonic lethality between days 12.5 and 13.5 (42) . A conditional knockout of Cbfb in CD4-expressing cells induces derepression of Zbtb7b in CD4 + CD8 low T cells (43), whereas a CD4-specific knockout of Runx1 disabled positive selection and maturation of single-positive thymic CD4
+ T cells and resulted in a loss of NK T cells (17) . Our current findings demonstrate that Cbfb, Runx1, and Runx3 are all essential factors throughout NK cell development and response against pathogens, in contrast to Nfil3, a transcription factor that is critical for NK cell and ILC development but dispensable for the homeostasis of mature NK cells and ILCs, and during pathogen infection (44) (45) (46) (47) (48) .
Although our work would have been technically challenging without the use of specific Cre and loxP systems, we acknowledge the experimental limitations associated with these genetic tools. Despite the inherent caveats found in our mouse models, it will still be interesting to address whether specific and tamoxifen-inducible deletion with n = 4 to 6 mice per group (**P < 0.01, ***P < 0.001, two-tailed unpaired Student's t test).
of Runx1 or Runx3 at later time points will affect generation or maintenance of long-lived memory NK cells in infection or homeostasis settings; such inducible ablation of individual Runx family members will allow us to investigate whether these transcription factors have an enduring or sustained impact beyond when they are first up-regulated. A second caveat of the study can be found in the in vivo versus in vitro comparisons, where we have drawn some conclusions based on NK cells from viral infection (RNA-seq) and NK cells stimulated with proinflammatory cytokines (ChIP-seq). Because existing ChIPseq techniques require large numbers of cells (in the millions), it is not feasible to assess STAT4 binding or H3K4me3 levels in NK cells from infected mice (numbering in the thousands) at the current time. As improved protocols are developed where specific transcription factor binding or chromatin modifications can be assessed using (G) CD27 versus CD11b and KLRG1 expression of transferred NK cells in the blood for each group at day 7 PI. (H) Memory NK cells isolated at day 28 PI were stimulated as described in (D) and percentages of IFN- (left) or degranulating (right) memory NK cells are shown. Data are representative of two independent experiments, with n = 3 to 4 mice. Samples were compared using two-tailed unpaired Student's t test, and data are presented as means ± SEM (**P < 0.01, ***P < 0.001).
low numbers of cells, we will be able to determine the precise nature of the signals and transcriptional requirements for mediating epigenetic control of gene transcription and cellular processes such as clonal proliferation and immune memory. Here, we have demonstrated the mechanistic induction and epigenetic regulation of CBF- and Runx family members in NK cells exposed to the proinflammatory cytokine milieu generated during virus challenge. In mice infected with MCMV, we observed a pronounced expansion and memory defect in NK cells deficient in either CBF- or one of its binding partners Runx1 or Runx3 and ascribe an indispensible role for these transcription factors in promoting the adaptive responses of virus-specific NK cells. Furthermore, we find that Runx1 controls a broad transcriptional program associated with cell cycle and cellular proliferation. Future transcriptome and functional studies will address whether Runx3 contributes in a similar fashion or plays a different and unique role (e.g., preventing apoptosis) from Runx1 in driving the clonal expansion of antiviral NK cells. Nonetheless, our current work highlights the importance of core-binding transcription factors for NK cell proliferation and survival during their adaptive response against viral infection and may inform current therapeutic strategies being developed to harness these potent cytotoxic innate lymphocytes toward the treatment of human diseases.
MATERIALS AND METHODS
Mice and viral infection
All mice used in this study were bred at the Memorial Sloan Kettering Cancer Center in accordance with the guidelines of the Institutional Animal Care and Use Committee. The following strains were used, all on the C57BL/6 genetic background: C57BL/6 (CD45. , and Rag2 −/− × Il2rg −/− (the Jackson Laboratory). Generation of mixed BMC mice and adoptive transfer studies were performed as previously described (54) .
In some experiments, Rag2 −/− × Il2rg −/− recipient mice or BMC mice were injected intraperitoneally with 4-hydroxytamoxifen (1 mg per day) dissolved in corn oil (Sigma) or corn oil alone as a control for five consecutive days. Experimental mice were infected by intraperitoneal injection of 7.5 × 10 2 plaque-forming units (PFU) of in vivo passaged, salivary gland-derived MCMV (Smith Strain). Mice infected with a lethal dose of MCMV were intraperitoneally injected with 4 × 10 4 PFU of MCMV. Experiments were conducted using age-and gender-matched mice in accordance with approved institutional protocols.
Determining viral titers
Viral titers were determined as previously described (55) . Briefly, DNA was isolated from indicated organs using a genomic purification kit (Qiagen). After isolation, DNA concentration was measured using NanoDrop for each sample, and 3 l was added into Master Mix containing iQ SYBR Green (Bio-Rad) and primers specific to MCMV DNA (forward: 5′-TCGCCCATCGTTTCGAGA-3′ and reverse: 5′-TCTCGTAGGTCCACTGACCGA-3′). Copy number was determined by comparing Cq values with a standard curve of known dilutions of a MCMV plasmid.
Flow cytometry and cell sorting
Cell surface staining of single-cell suspensions from the indicated organs was performed using fluorophore-conjugated antibodies (BD Biosciences, eBioscience, BioLegend, Tonbo Biosciences, and R&D Systems). For intracellular cytokine staining, cells were fixed and permeabilized with the transcription factor staining kit (eBioscience). Apoptosis was evaluated by caspase activity staining using the carboxyfluorescein FLICA Poly Caspase Assay kit (ImmunoChemistry Technologies). NK cell proliferation was analyzed by labeling cells with 5 M CTV (Invitrogen) before transfer into recipient mice, and CTV labeling was performed according to the manufacturer's protocol. Flow cytometry and cell sorting were performed on the LSR II and Aria II cytometers (BD Biosciences), respectively. The data were analyzed using FlowJo software (Tree Star). were sorted from spleens of pooled C57BL/6 mice and incubated with or without IL-12 (20 ng/ml) and IL-18 (10 ng/ml). NK cells were stimulated for 30 min or 18 hours, followed by H3K4me3 or STAT4 ChIP, respectively. DNA and proteins were cross-linked for 7.5 min using 0.75% formaldehyde. ChIP was performed as previously described (10, 16) , using 10 g of rabbit polyclonal anti-STAT4 antibody (Santa Cruz Biotechnology, sc-468, clone C-20) or 1 g of rabbit polyclonal anti-trimethyl-histone H3 (Lys4) antibody (H3K4me3; Millipore, 07473) followed by Illumina next-generation sequencing. For RNA-seq, RNA was isolated from sorted cell populations using TRIzol (Invitrogen), followed by SMARTer amplification and paired-end Illumina nextgeneration sequencing.C hIP-seq and RNA-seq analyses ChIP-seq reads from all samples were trimmed to remove low-quality reads using Trimmomatic (version 0.36) (56) . Trimmed reads were mapped to the Mus musculus genome (mm10 assembly) using Bowtie2 (version 2.2.9) (57). Concordantly aligned paired mates were used for peak calling by MACS2 (version 2.1.1.20160309) (58) at P = 0.01. For STAT4 ChIP samples, irreproducible discovery rate (IDR) calculations using Python3 scripts (version 2.0.2) (59) were performed on three independent replicates, and a union of peaks passing a threshold of 0.05 was used as a reference peak list for read counts. This list was further filtered by selecting only peaks that showed more than a 1.5-fold increase in counts over a stimulated Stat4 −/− ChIP sample. Peaks were annotated using the Bioconductor ChIPpeakAnno package (version 3.6.5) (60, 61) with the University of California Santa Cruz mm10 knownGene gene model. List of transcription factors was obtained from the online Animal Transcription Factor Database (62) . For H3K4me3 ChIP samples, peaks were called using MACS2 arguments --broad --broad-cutoff 0.1 --nomodel --extsize 146 and further filtered using a more stringent cutoff of qValue > 10 (or q < 1 × 10 −10 ) before creating a union of peaks. To normalize for the sequencing depth of the H3K4me3 samples, reads were counted within regions equal in width to called peaks located at the midpoint between the called peak and its closest neighbor. These numbers were used to calculate size factors using the DESeq2 (version 1.14.1) method (60, 61) and subsequently used to scale raw values. All genomic tracks were generated using the Gvis R package (version 1.18.2) (63).
RNA-seq samples were trimmed and mapped as above. Counts were normalized for sequencing depth using size factors calculated by DESeq2 in R (versions 3.3.2 and 3.3.3) . For gene set analysis, log 2 fold changes estimated by the DESeq2 pipeline were used as input for gene set enrichment analysis by Generally Applicable Gene Set Enrichment (GAGE; version 2.24.0) (64) . Pathways were retrieved from the Reactome database available on Bioconductor (65) . The M. musculus cell cycle gene set plotted in Fig. 7 was Reactome ID 5990980.
Statistical analyses
Data are shown as means ± SEM in all graphs, and statistical differences were calculated using two-tailed unpaired Student's t test or as indicated. P < 0.05 was considered significant. All statistical analyses and plots were produced in GraphPad Prism or R.
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